ABSTRACT
INTRODUCTION
Over the last few decades, the demand for energy has increased exponentially by the sudden increase in the consumption especially in the transportation sector. Buses, boats, lorries and trucks are all fueled by biodiesel. In addition, the use of diesel machines in the industrial manufacturing process are also increasing. Approximately 80% of the world energy demand is covered by fossil fuel (Huang et al. 2012) . However, the fossil fuel has some drawbacks such as high in price, non-renewable, limited supply as well as requires million years to form. Geothermal, wind, ocean thermal, tidal and hydropower are some examples of energy sources used by some countries as an effort to control the use of fossil fuel (Shereena & Thangaraj 2009) . Surprisingly, biodiesel was selected as the perfect candidate to replace the fossil fuel due to its low cost and renewability. Biodiesel, also called as fatty acid methyl esters (FAME) is a yellowish liquid fuel that has a boiling point of over 475 K, a flash point of 420-450 K and a distillation range of 470-600 K. It also has low solubility in water and exhibits soapy odour (Demirbas 2009 ). The production of biodiesel can be done through several techniques such as direct use of vegetable oil/ animal fats, thermal cracking, (pyrolysis), microemulsion and transesterification/esterification (Rajalingam et al. 2016) . Among these techniques, transesterification has been chosen as the most productive and practical chemical process to produce biodiesel. Transesterification is a conversion process of triglycerides into alkyl esters with the presence of alcohol and catalyst (Attaphong et al. 2012) . This process was first carried out in 1853 by Duffy, E. and Patrick, J. (Hassan & Kalam 2013) .
Biodiesel is commonly produced from various types of feedstock namely; vegetable oil, waste used oil and animal fats. The utilization of vegetable oil as fuel in the diesel engine was firstly introduced by Rudolf Diesel in 1895 (Kapilan et al. 2009 ). Other than vegetable oil, waste cooking oil can also be used as a feedstock in the FAME production. The use of waste cooking oil as the biodiesel feedstock can potentially solve the uncontrollable production of waste cooking oil worldwide. The oil wastes from houses, restaurants and stalls are regularly poured into the sinks and drains, thus, causing a serious problem in the wastewater treatment plants as well as the drainage system. This matter can affect the human health due to contaminated water supply. According to Saxena et al. (2013) , biodiesel is much better than diesel fuel attributed to numerous advantages such as high cetane number, combustion efficiency and biodegradability. Biodiesel is also capable of replacing petrodiesel since both of them possess similar characteristics. Biodiesel is widely used in Malaysia and it is also popular in a few other countries such as Indonesia, China, United States of America, Brazil, Ireland, Italy, France, Australia, Germany, Canada, and Europe (Bajpai & Tyagi 2006; Shereena & Thangaraj 2009) .
One of the important elements in the methyl esters production is the catalyst. The use of the right catalyst is vital as it can accelerate the production process, thus, reduce the reaction time. The catalyst can be divided into several categories: Acid catalyst, alkali catalyst and enzyme catalyst. Among the catalysts, enzyme catalyst is used the least as compared to acid and alkali catalysts in the methyl esters production. Acid and alkali catalysts can be classified into two types, which are homogeneous and heterogeneous catalysts. Acid catalysts are commonly utilized in the esterification of high free fatty acids (FFA) oil (Javidialesaadi & Raeissi 2013; Otadi et al. 2011) . The presence of FFA could interfere the reaction process by promoting saponification. However, they are corrosive and exhibit low reaction rate (Lam et al. 2010) . In this case, Ma and Hanna (1999) agreed that the alkali catalyst is more effective and practical than acid catalyst. Heterogeneous base catalysts have become more attractive as they exhibit better reaction rate than acid catalysts, environmentally beneficial and need moderate reaction conditions (Lam et al. 2010) . In order to enhance the catalytic activity of the catalyst, some researchers have conducted thorough experimentations and tests where they found that the impregnation of additional basic sites onto the catalyst surface favors the catalytic activity (Kaur & Ali 2011; Kumar & Ali 2012) .
The transesterification of canola oil into biodiesel using K 2 CO 3 /nano CaO catalyst has been done by impregnating various concentrations of K 2 CO 3 (1-10 wt. %) into CaO in order to investigate their effects on the catalytic activity (Degirmenbasi et al. 2015) . According to the experimental results, the K 2 CO 3 /nano CaO catalyst has higher basicity than the pure nano CaO. As the amount of K 2 CO 3 increased, the basicity of the catalyst also increased, whereas the surface area decreased. The contribution toward the greater basicity is mainly associated with the K 2 O phase or the presence of Ca-O-K groups which resulted from the degradation of the K loaded compounds. They then concluded that more than 3.0 wt. % of K + concentration was needed for the K 2 CO 3 /nano CaO to achieve its best activity. Two years later, Kataria et al. (2017) tested the effectiveness of nanocrystalline Zn/CaO catalyst in used frying oil transesterification by varying the amount of zinc sulphate (1.5-5.0 wt. %). The authors also tested different calcination temperature, reaction temperature and methanol to oil molar ratio to determine the optimum reaction conditions. They reported that the catalyst prepared with 5 wt. % of Zn in CaO at 700°C activation temperature (5-Zn/CaO-700) showed the best performance during the methanolysis process yielding more than 98% of biodiesel.
In the present study, KOH impregnated staghorn coral derived CaO is utilized as a catalyst in the transesterification of waste cooking oil to biodiesel. The staghorn coral is a stony coral that belongs to the Acropora genus. The uniqueness of the corals relies on their antler-like branches where they can be found abundantly in shallow water but hardly seen in deep water (Kahng et al. 2010) . Apart of having an important role in the reef-building, staghorn coral also acts as a habitat and shelter for various types of marine life (Pandolfi & Jackson 2006; Precht et al. 2002) . Interestingly, they can be easily found at the coastal areas in Malaysia. In continuation to our previous study on the use of staghorn coral as a heterogeneous catalyst in RBD palm olein methanolysis, the current work explored the effectiveness of K-impregnated staghorn coral catalyst in the biodiesel production through methanolysis of waste cooking oil. The catalyst was firstly characterized for its physicochemical properties and then, the impacts of various reaction parameters on the catalytic activity were observed by optimizing the methanol to oil ratio, reaction time and catalyst loading.
METHODS

MATERIALS
Dead staghorn coral fragments were obtained from Beras Basah Island, Langkawi in late 2016 and waste cooking oil was acquired from a local stall. Methanol and n-hexane of QREC brand were used as received, while internal standard (methyl heptadecanoate) was obtained from Sigma-Aldrich (Switzerland). The determination of moisture content of the oil was performed using the Karl Fisher titrimetric method, while the acid value, FFA value, and saponification value of the oil were determined according to the methods reported by Canesin et al. (2014) and Onukwuli et al. (2017) with slight modifications (Table 1) . The coral was cleaned with tap water and oven dried at 105°C overnight. After drying, the coral was then crushed and allowed to pass through a 250 mm sieve mesh. The catalyst was prepared using wet impregnation method. The powdered staghorn coral was impregnated with 50% of potassium hydroxide (KOH). In the preparatory method, 1 g of powdered staghorn coral was suspended in 20 mL of distilled water and followed by the addition of 0.5 g of KOH pellets. Then, the mixture was stirred for 2 h at ambient temperature and oven dried overnight at the temperature of 105°C. On the next day, the dried catalyst was activated in the muffle furnace for 4 h at 900°C. The prepared catalyst is designated as K-CaO. CATALYST CHARACTERIZATION In this study, the K-impregnated catalyst was analyzed by Hammett indicators, X-ray Fluorescence (XRF), BET -N 2 adsorption method, Attenuated Total Reflectance-Fourier Transforms Infrared (ATR-FTIR), Thermogravimetric Analysis (TGA), X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). The determination of basic strength was accomplished using Hammett indicators. The chemical compositions of the elements in the catalyst were determined by conducting XRF test. The test was conducted by Rigaku RIX3000 using the pressed-pellet (pressure at 8.0 Pa) method. The surface area, mean pore diameter as well as pore volume of the sample were investigated on a Micromeritics ASAP 2000 surface analyzer. The surface area was calculated using BET equation and the total pore volume, V tot was acquired from the N 2 adsorption data. Meanwhile, the pore size distribution was obtained through Barrett, Joyner, and Halenda (BJH) method. The functional groups that present in the catalyst were determined by using PerkinElmer System 2000 spectrophotometer. The data were collected in the scan range of 600-4000 cm -1 with 20 scans per sample at a resolution of 4 cm -1 . Besides, the sample was analyzed using Mettler Toledo TGA/DTA 851e thermo-gravimetric analyzer from 30 to 900°C with 10°C/ min heating rate under nitrogen atmosphere to determine its thermal stability. XRD test was carried out to identify the crystalline phase of the catalyst, and for this purpose, X-ray Diffractometer (Siemens Diffractometer D5000) with Cu Kα as a source was employed. The sample was scanned in the range of 2 of 25-125°, with a step size of 0.05º at a scanning speed of 1° min -1 . Scanning electron microscope (Quanta FEI 650 instrument) was used to determine the morphology of the catalyst.
TRANSESTERIFICATION
The transesterification of triglycerides was performed with various methanol to oil molar ratio, reaction time and catalyst loading. The experiment was conducted in a 50 mL round bottom flask fitted with a condenser, mechanical stirrer and a thermometer. During the analysis, a certain amount of oil, catalyst and methanol were added into the round bottom flask. The flask was then immersed in a water bath and the reaction mixture was stirred for several hours. The temperature of the water bath was fixed at 65°C. Upon the reaction completion, the sample was let to cool and subsequently separated from the catalyst and glycerol by centrifugation for 10 min at 5000 rpm. The biodiesel was then extracted with n-hexane (3 × 3 mL) and dried using anhydrous sodium sulfate. The obtained product was then stored in a refrigerator for further use. The triplicate experiments were done.
GAS CHROMATOGRAPHY ANALYSIS
The methyl esters content was evaluated using a gas chromatography (Agilent 7890A) fitted with a flame ionization detector (FID) by following the European procedure EN 14214 with polar capillary column (SupelcoWax, 30 m × 0.25 mm i.d. × 0.25 μm). During the analysis, both injector and detector temperatures were set at 250°C. The oven temperature was initially set at 190°C and it was then increased up to 250°C at a heating rate of 10°C min -1 . The sample was injected into the GC system in the split mode (1:5). Methyl heptadecanoate was employed as an internal standard for quantification. The percentage of biodiesel conversion was determined by using (1):
where is the total peak area of FAME from C12:0 to C20:0; A ISTD is the peak area of internal standard; C ISTD is the concentration of internal standard (mg/mL); V ISTD is the volume of internal standard (mL); m and is the mass of sample (mg).
RESULTS AND DISCUSSION
CATALYST CHARACTERIZATION BASIC STRENGTH
The determination of basic strength of the catalyst was accomplished using the Hammett indicator method reported by Boro et al. (2014) with some modifications. The Hammett indicators used were phenolphthalein (H_=8.2), 2,4-dinitroaniline (H_=15) and 4-nitroaniline (H_=18.4). The study showed that K-CaO catalyst altered the colour of phenolphthalein (H_= 8.2) and 2, 4-dinitroaniline (H_= 15.0) solutions from colourless to pink and yellow to mauve, respectively. However, 4-nitroaniline (H_= 18.4) solution indicator did not impart any colour change with the employment of the catalyst. Similar observation was recorded for the CaO-derived staghorn coral catalyst. Therefore, both CaO and K-CaO are regarded as strong base catalysts since their basic strengths lie in the range of 15.0 <H_< 18.4 (Boey et al. 2011 ). This value is higher than the basic strengths of CaO derived from palm kernel shell and MgO-KOH-20 catalyst reported by Bazargan et al. (2015) and Mutreja et al. (2011) , respectively.
X-RAY FLUORESCENCE ANALYSIS
The compositions of the elements in K-CaO catalyst are shown in Table 2 . The prepared K-CaO catalyst contains about 69.29% of Ca, while CaO accounts 93.86% of the overall constituent of activated staghorn coral (Supplementary material Table S1 ). After the KOH impregnation, the amount of potassium increased up to 26.72%, suggesting a good dispersion of potassium ion. Other elements (Si, Fe, Ti, Al, Na) were considered as impurities due to their presence in small quantities. The high content of calcium and potassium suggest that the prepared catalyst would exhibit an excellent performance during the transesterification process. the catalyst. Interestingly, Meher et al. (2006) reported that the effectiveness of catalyst is highly dependent on basicity rather than surface area. Catalyst with high basicity and basic strength is expected to possess good catalytic activity. Apart from that, the pore volume of K-CaO also dropped to 0.002 cm 3 g -1 after the addition of KOH, which mainly due to the pore plugging (Kaur & Ali 2011) . The high pore volume of calcined staghorn coral is most likely due to the development of porosity in the catalyst (Boro et al. 2011 ). However, due to their trace pore volumes, both CaO and K-CaO are categorized as less-porous materials. The nitrogen adsorption-desorption isotherm of K-CaO is illustrated in Figure 1 . The catalyst showed Type IV isotherm, which is consistent with mesoporous solid (Panda et al. 2010 ). An obvious increase in the nitrogen uptake was detected starting from the relative pressure of P/Po = 0.80 until P/Po = 0.99. These phenomena most likely occurred due to the capillary condensation inside the mesopores (Ekeoma et al. 2017) . Besides, the hysteresis present in the isotherm corresponds to the existence of mesoporosity (Zielinski & Kettle 2013 ).
ATTENUATED TOTAL REFLECTION-FOURIER TRANSFORMS INFRARED (ATR-FTIR) ANALYSIS
The IR spectrum of K-CaO catalyst is depicted in Figure  2 . From the analysis, it can be observed that the peak associated to Ca-O bond is located at 879 cm -1 , which is comparable with the finding of Ruiz et al. (2009) . A vibrational band observed at 931 cm -1 is believed to have relation with the addition of KOH. This result is consistent with the work by Liu et al. (2016) when they added KBr into the calcined shell/kaolin catalyst. Meanwhile, no peak related to potassium was observed in the spectrum The physical properties (surface area, pore volume and pore diameter) of K-CaO catalyst are summarized in Table  3 and the results showed that K-CaO has a surface area of 1.616 m 2 g -1 , which is smaller than the surface area of calcined staghorn coral (Supplementary material Table  S2 ) and calcined chicken and ostrich eggshells (Tan et al. 2015) . The possible reason is that the addition of KOH has led to the plugging of CaO pores (Baroutian et al. 2010 ). Similar observations were also observed by Kaur and Ali (2011) and Watkins et al. (2004) when they introduced lithium into CaO. Despite that, the introduction of KOH has its own privilege as it helps to increase the number of basic sites (Buasri et al. 2012 ) and basic strength of Figure S1 ). The peaks intensities also decreased upon the KOH addition, which probably is caused by the incorporation of K + into the CaO defect sites (Boro et al. 2014) . The peaks detected at 1132 and 1398 cm -1 prove the existence of C-O bonds of carbonate species. The stretching of hydroxyl species was detected by the presence of a peak located at 3841 cm -1 , which probably occurred due to the moisture adsorption by the catalyst during the analysis.
X-RAY DIFFRACTION ANALYSIS
The crystallinity of K-CaO catalyst was evaluated using X-ray diffraction analysis. The XRD profile showed that CaO is the major phase whereas K 2 O is the minor phase (Figure 4 ). In the case of activated coral catalyst, most of the peaks observed were also CaO peaks but no K 2 O detected (Supplementary material Figure S3 ). The sharp and clear peaks observed at 2= 32.20°, 37.36°, 53.90°, 64.11° and 67.36° in the K-CaO diffractogram represent CaO. These results are closely similar to the ones presented by Boro et al. (2011) and Sharma et al. (2010) . Meanwhile, low intensity peaks of K 2 O were observed at 2= 32.63°, 88.52°, 91.46° and 103.72°. The formation of K 2 O is probably due to the interaction of KOH with O 2-species from CaO (Mutreja et al. 2011) . No KOH peak is detected, showing that K + is highly dispersed in the CaO, which led to the formation of K-CaO surface (Kumar & Ali 2012) . As noted by Kabo et al. (2015) , the reaction between K and Ca might result in the weakening of Ca 2+ -O 2-bond, which could possibly lead to an effective interaction with methanol, thus escalating its effectiveness as well as the conversion percentage. The purpose of conducting the TG analysis is to determine the ideal calcination temperature of the prepared catalyst. The thermogram of uncalcined K-impregnated staghorn coral is presented in Figure 3 . It was shown in the previous works that the loss of moisture usually occurred at the temperature below 250°C (Kesic et al. 2012; Xie & Li 2006; Yacob et al. 2017) . However, in this current work, no weight loss was observed below 250°C as the sample was dried prior to the analysis. Between the temperature ranges of 270-430°C, a small weight loss was detected, corresponding to the removal of organic matter in the sample. A major weight loss of 23.7% occurred at the temperature range of 620-780°C with the peak temperature at 700°C. The decomposition is associated with the transformation of calcium carbonate into calcium oxide and solid-state interaction of the oxide with the support, resulting in catalytically active sites (Liu et al. 2016; Xie & Huang 2006) . Above 800°C, the sample showed a constant weight, which is similar with the uncalcined staghorn coral (Supplementary material Figure S2 ), evidencing that the suitable activation temperature for both samples is over 800°C. This result is in agreement with the outcome of the study on chicken eggshell-derived catalyst conducted by Viriya-empikul et al. (2012) . The authors proved that 800-1000°C was the best calcination temperature for a complete degradation of calcium carbonate. The surface morphology of the catalyst was observed using SEM at 5000× magnification. From the SEM image, it was observed that CaO comprises of smoother particles with various sizes and shapes (Supplementary material Figure  S4 ). It also shows wave-like surface, which is similar to what Mamat and Yacob (2015) reported for calcined eggshell. As illustrated in Figure 5 , the K-CaO catalyst consists of particles with various sizes and shapes. The catalyst also demonstrates an irregular surface that possibly caused by the agglomeration of the particles, which then resulted in the reduction of the catalyst's porosity (Modiba et al. 2015) . This is further validated by the XRD analysis in Figure 4 .
( Figure 6(a) ). The increment in the methanol to oil ratio up to 18:1 has resulted in the highest biodiesel conversion yield (89.51 ± 4.78%). The contribution towards good biodiesel yield is most likely associated with the excellent reaction between methanol and oil when the methanol/oil ratio is increased (Sirisomboonchai et al. 2015) . However, when the ratio exceeded the optimum value, the reaction rate dropped significantly since too much methanol could result in the reduction of catalyst concentration and shifting the equilibrium to the reactant side (Sinha & Murugavelh 2016) . In addition, the excessive amount of methanol caused the glycerol to dissolve and resulted in difficulty during the separation of biodiesel and glycerol (Moradi & Mohammadi 2014) . The effect of reaction time on the percentage of biodiesel conversion using K-CaO catalyst is shown in Figure 6 (b). The biodiesel produced increased as the experimental time was prolonged from 3 to 5 h. This is probably caused by the extended contact time between reactants (Suryaputra et al. 2013) . A maximum conversion of 89.51 ± 4.78% was reported after 5 h of reaction. For CaO catalyst, the reaction reached its optimum value (62.07 ± 4.30%) after 4 h of reaction time (Supplementary material Figure S5b ). The reaction rate dropped drastically when reaction time was increased to 6 h since more by-products and soap were produced due the extended reaction time (Eevera et al. 2009; Freedman et al. 1984; Leung & Guo 2006; Zhang & Meng 2014) . Meanwhile, other studies by Birla et al. (2012) and Boro et al. (2011) required 8 h and 6 h of reaction time in order to obtain the complete reaction, which is a much longer than the time needed in this study.
Besides methanol to oil molar ratio and reaction time, catalyst loading is also one of the important aspects in the methyl esters production. Pertaining to the optimization results, the use of 3 wt. % of catalyst loading was not enough to attain a complete transesterification reaction (Figure 6(c) ). The catalytic activity increased with the employment of 4 wt. % of catalyst loading, giving the highest methyl esters conversion (89.51 ± 4.78%). The occurrence of this phenomenon is perhaps due to an increase in the proton concentration at oil and methanol interface, which in turn enhanced the reaction (Wu et al. 2013) . Interestingly, this amount is much lower than the amount of catalysts (K-CaO and Li loaded eggshell) used by Boro et al. (2014) and Kumar and Ali (2012) . This could be associated with the addition of KOH into CaO that helped to increase the catalytic activity of the prepared catalyst. In the present work, the loading of the catalyst by more than 4 wt. % showed an adverse effect on the methyl esters conversion, which might be due to mass transfer problem and saponification process (Moradi & Mohammadi 2014) . Meanwhile, the CaO catalyzed transesterification required higher catalyst loading (6 wt. %) in order to reach its best catalytic activity (Supplementary material Figure S5c ). Calcium oxide derived from the staghorn coral has been characterized and applied as a catalyst in biodiesel production. However, the reaction only yielded about 62.07 ± 4.30% biodiesel under the reaction conditions of 15:1 methanol to oil molar ratio, 4 h of reaction time and 6 wt. % of catalyst loading (Supplementary material Figure  S5 ). Therefore, catalyst modification was carried out by impregnating the staghorn coral with KOH. A series of KOH loading (40% and 50%) were incorporated into the coral, where 78.85 ± 1.59 % of biodiesel yield was recorded after the addition of 40% of KOH. Meanwhile, the reaction with 50% of KOH loading exhibited good catalytic activity with almost 90% of methyl esters conversion. Methanol to oil molar ratio is one of the crucial parameters in biodiesel production that highly depends on the type of catalyst and the quality of oil (Roschat et al. 2012 ). According to Centinkaya and Karaosmanoglu (2004) , 5:1 methanol/oil ratio was insufficient to give high biodiesel yield. Based on the experimental results, 15:1 has been chosen as the best ratio of methanol to oil in the CaO catalyzed transesterification reaction where CaO exhibited its best catalytic activity with more than 60% FAME content (Supplementary material Figure S5a ). Nevertheless, in the case of K-CaO, less than 70% of biodiesel conversion was recorded with the use methanol: oil molar ratio of 15:1
CONCLUSION
The present study was devoted to produce and utilize a low cost and environmental friendly catalyst in the conversion of the triglycerides into methyl esters via transesterification process. Firstly, the CaO catalyst was prepared by calcining the staghorn coral at 900ºC for 4 h. The catalyst showed a promising result with more than 60% of biodiesel conversion. The staghorn coral was then loaded with KOH via wet impregnation technique to enhance its catalytic activity. The introduction of KOH aided in the formation of the K 2 O species on the catalyst's surface. The K 2 O species has been proven as the main active component that helps in catalyzing the reaction. The overall results showed that a high biodiesel yield (89.51 ± 4.78%) was achieved under the optimum reaction conditions of 18:1 methanol/oil ratio, 4 wt. % of catalyst loading and 5 h reaction time. Thus, the synthesized catalyst can be considered as a promising catalyst for a large scale biodiesel production.
